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Fig.1 Geological map of the study area
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(a) southern margin of Precambrian North China Craton (modified from reference [30]); (b) section of Longjiayuan Formation
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Fig.2 Macroscopic characteristics of stromatolites in Longjiayuan Formation
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(a-d) mud crystalline dolomite, with layered, deformed, and chrysanthemum-shaped siliceous bands; (e-h) layered dolomite comprising
horizontally layered, wavy, conical and columnar layered rock; (i, j) conglomerate dolomite containing a small amount of columnar

stromatolites
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Fig.3 Photomicrographs of stromatolites in Longjiayuan Formation
(a) mud crystalline dolomite under plane-polarized light (PPL); (b) mud crystalline dolomite under cross-polarized light (XPL), with
visible siliceous bands; (c) powdery crystalline dolomite under PPL, with irregular calcite-filled pores and dark brown spherical
aggregates (red arrows); bright spots between the aggregates (yellow arrow) composed of fine-grained dolomite; (d) dense alternating
light and dark layer with raised and curved layers under PPL; (e) fine-grained dolomite under PPL; (f) layered stone vein with densely

stacked alternating light and dark algal layers in the upper part, and irregular clumps in the lower part (red arrows) under PPL
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Table 1 Rare earth elements in carbonate rocks in Longjiayuan Formation, with values for Y, Th, Ce/Ce*, Y/Ho and XREY

FeEf g 'S La Ce Pr Nd Sm Eu Gd Th Dy Y Ho Er Tm Yb Lu Th Ce/Ce* Y/Ho SREY
FD-1 0.426 1.396 0.205 0.829 0.167 0.023 0.174 0.020  0.103 0.875 0.023  0.057 0.008 0.049 0.007 0.057 0.794 38.110 4363
FD-2 1.165 2.339 0.307 1.082 0.210 0.042 0.209 0.029  0.167 1.095 0.034  0.086 0.011 0.084 0.011 0.234 0.776 31.841 6.874
FD-3 0.469 0.983 0.118 0.560 0.087 0.032 0.126 0.019  0.104 0.717 0.017  0.048 0.005 0.025 0.005 0.078 1.145 42,567 3314
FD-4 0.128 0.219 0.035 0.173 0.033 0.008 0.037 0.004  0.018 0.299 0.008  0.013 0.002 0.012 0.001 0.024 0.883 36.218 0.991
FD-5 0.321 0.596 0.086 0.339 0.079 0,027 0.100 0.013  0.076 0.463 0.014  0.033 0.004 0.024 0.003 0.046 0.797 33.809 2.177
FD-6 0.241 0.511 0.073 0.288 0.082 0.016 0.071 0.011  0.047 0.421 0.010  0.026 0.003 0.015 0.003 0.008 0.790 43374 1.818
FD-7 0.438 0.771 0.112 0.360 0.067 0.018 0.092 0.017  0.113 0.714 0.019  0.045 0.006 0.031 0.004 0.038 0.642 38.563 2.806
FD-8 0.347 0.757 0.082 0.364 0.064 0.025 0.067 0.010  0.054 0.399 0.012  0.029 0.002 0.019 0.004 0.020 1.172 33.458 2234
FD-9 0.332 0.848 0.077 0.286 0.056 0.012 0.036 0.006  0.031 0.242 0.011 0.02 0.003 0.018 0.002 0.073 1.187 21.118 1.981
FD-10 0.46 0.996 0.123 0.423 0.090 0.022 0.081 0.013  0.071 0.480 0.014  0.031 0.004 0.028 0.005 0.088 0.800 34.619 2.840
FD-11 0.857 1.986 0.199 0°689 0.099 0.021 0.091 0.017  0.087 0.587 0.019  0.055 0.009 0.043 0.008 0.345 0.999 30.494 4.769
FD-12 0.268 0.559 0.058 0.243 0.032 0.006 0.041 0.005  0.023 0.262 0.005  0.012 0.001 0.013 0.001 0.013 1.155 49.766 1.530
FD-13 0.386 0.899 0.086 0.295 0.058 0.014 0.052 0.009  0.053 0.353 0.010  0.018 0.002 0.015 0.002 0.016 1.040 36.547 2.251
FD-14 0.364 0.844 0.085 0.261 0.041 0.011 0.048 0.006  0.024 0.304 0.007  0.020 0.002 0.016 0.002 0.019 0.880 42.581 2.037
FD-15 0.630 1.205 0.140 0.521 0.084 0.027 0.083 0.015  0.092 0.715 0.020  0.056 0.008 0.044 0.007 0.095 0.931 36.291 3.648
FD-16 0.396 0.645 0.055 0.208 0.028 0.007 0.016 0.007  0.038 0.267 0.005 0015 0.001 0.010 0.002 0.016 1.266 50.981 1.701
FD-17 0.567 0.916 0.112 0.455 0.039 0.013 0.069 0.010  0.057 0.482 0.011  0.035 0.004 0.025 0.002 0.026 0.966 44.933 2.796
FD-18 0.508 1.293 0.119 0.460 0.070 0.020 0.086 0.012  0.059 0.491 0.013  0.034 0.004 0.023 0.004 0.033 1.223 37.499 3.196
FD-19 0.997 2.173 0.237 0.854 0.156 0.028 0.127 0.027  0.143 0.895 0.028  0.070 0.009 0.062 0.008 0.203 0.956 32.013 5.814
FD-20 0.374 0.690 0.078 0.303 0.058 0.009 0.057 0.010  0.048 0.425 0.007  0.026 0.004 0.023 0.004 0.025 0.988 57.045 2.117
FD-21 0.172 0.265 0.026 0.120 0.017 0.003 0.019 0.003  0.018 0.183 0.005  0.011 0.002 0.014 0.001 0.020 1.316 40.111 0.859
FD-22 0.168 0.238 0.031 0.106 0.026 0.003 0.031 0.004  0.014 0.260 0.004  0.014 0.002 0.012 0.002 0.018 0.784 60.262 0.915
FD-23 0.156 0.276 0.033 0.114 0.022 0.004 0.022 0.002  0.013 0.202 0.003  0.007 0.001 0.008 0.001 0.021 0.826 78.156 0.864
FD-24 0.301 0.466 0.064 0.226 0.038 0.009 0.052 0.007  0.044 0.725 0.011  0.035 0.005 0.032 0.005 0.057 0.749 66.266 2.021
FD-25 0.318 0.362 0.084 0.358 0.082 0.015 0.080 0.011  0.095 0.906 0.021  0.045 0.008 0.049 0.006 0.036 0.534 43.960 2.440
FD-26 0.238 0.339 0.054 0.186 0.032 0.006 0.049 0.009  0.050 0.635 0.009  0.030 0.004 0.023 0.004 0.033 0.631 69.582 1.668
FD-27 0.232 0.320 0.042 0.154 0.021 0.006 0.035 0.006  0.038 0.603 0.010  0.031 0.005 0.023 0.004 0.027 0.818 63.441 1.530
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Table 2 Major element content and C and O isotope data for Longjiayuan Formation carbonate rocks

HRRS 013C%o 0'80%o Si0, AlLOs TFe>03 MnO MgO CaO P,0s
FD-2 0.01 -4.38 3.02 0.17 0.36 0.05 21.03 29.50 0.01
FD-7 -0.42 -6.32 8.31 0.04 0.29 0.05 19.64 28.41 0.01
FD-8 -1.01 -3.99 0.75 0.06 0.21 0.02 21.64 30.20 0.01
FD-10 -1.30 -5.45 27.91 0.12 0.42 0.02 15.63 21.78 0.01
FD-12 0.12 -6.22 49.31 0.05 0.09 0.02 11.20 15.57 0.01
FD-13 -0.22 -7.19 35.14 0.08 0.11 0.02 14.29 19.89 0.01
FD-14 -0.18 -7.19 49.95 0.07 0.12 0.01 10.87 15.32 0.01
FD-15 -0.48 -4.87 46.23 0.13 0.09 0.01 11.75 16.36 0.01
FD-17 -0.06 -6.42 24.58 0.04 0.20 0.02 16.55 23.15 0.01
FD-18 0.14 -5.35 16.67 0.04 0.14 0.01 18.23 25.54 0.01
FD-19 -1.42 -6.03 12.45 0.21 0.19 0.01 19.18 26.61 0.01
FD-20 0.11 -5.93 0.03 0.05 0.11 0.01 21.88 30.36 0.01
FD-21 0.15 -6.90 2.23 0.07 0.08 0.01 21.26 29.61 0.01
FD-22 -0.21 -6.90 0.07 0.03 0.17 0.01 22.05 30.37 0.01
FD-23 -0.63 -4.96 22.60 0.04 0.12 0.0l 17.11 23.64 0.01
FD-24 -0.70 -6.52 0.43 0.08 0.09 0.01 21.55 30.08 0.01
FD-25 -0.89 -6.61 21.92 0.06 0.09 0.01 17.06 23.52 0.01
FD-27 -0.72 -6.52 2.00 0.03 0.12 0.01 21.64 29.84 0.01
FD-28 0.75 -7.10 0.02 0.04 0.10 0.01 21.72 30.66 0.01
FD-30 1.01 -7.10 0.00 0.0 0.12 0.01 22.01 30.42 0.01
FD-31 1.14 -6.42 0.00 0'03 0.14 0.01 22.07 30.52 0.01
FD-32 0.71 -6.61 0.90 0.10 0.19 0.02 21.60 29.91 0.01
FD-33 0.73 -5.35 0.22 0.06 0.10 0.01 21.91 30.58 0.01
FD-35 -0.06 -6.81 0.09 0.06 0.12 0.01 21.90 30.35 0.01
FD-36 -0.92 -6.90 0.52 0.06 0.10 0.01 21.80 30.13 0.01
FD-37 -0.14 -5714. 012 0.07 0.11 0.01 21.88 30.35 0.01

WM L C R RIR 2 A REY BCsr M4 B (18 Sa~d) BLJ Ce/Ce*. 6'3C H1 Y/Ho fEATAR
B ERZESR (6D, Kk 78 XRE Sl R EE 2 THRES 40 A AN B, 7E58 T B (n=7: K 52),
REY Pt/ 10 B A 758 19 HREE 54, Ce 5% R BELHUR T, Y 1EFH M4 . Ce/Ce*
R ETE Y 0.78~1.15, ~FIME N 0.86, Hr 6 MFEMALT 0.90 AR, HIIL T — IR B
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B TE A 0.80~1.31, ~FHIMEN 1.06, A 12 MR T 0.90~1.30, FKILH T &
W Y/Ho Py 39, Mn/Sr HiHAR, ~FHMEN 6. fEHB IIH (n=10; K 5¢) ,
REY # 30 I H B2 () La 1E 573, Ce SR W MY 1L 3 - Ce/Ce* I S VE FE O 0.53~0.94,

BB 0.71, HAA 8 MEEREE/NT 0.90, N —IREER Ce FiH: I HBM B 1T
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Abstract: [Objective] The levels of oxygen in shallow waters and the atmosphere during the Mesoproterozoic
period (approximately 1.8-1.0 Ga) have raised controversy. Currently, it is widely believed that there may have
been fluctuating high and low oxygen levels at that time. However, the spatiotemporal heterogeneity of the ancient
planet during this period limits our understanding of the redox state of the ancient oceans, but accumulated
evidence tends to indicate dynamic fluctuations in the oxygen content of shallow seas. [Methods] This study,
which focused on the carbonate strata of the Longjiayuan Formation in the Guandaokou Group, western Henan
Province (oldest age 1.59 Ga), carried out petrological, elemental geochemical and C and O isotope geochemical
analyses, mainly using Ce anomalies 8. Indicators such as §'3C and Y/Ho restored the redox state of the shallow
sea in the region. [Results] Microscopically, the formation lithology consisted mainly of relatively pure
fine-grained, powdery, and mud crystalline dolomite, with main structures containing different forms of laminated
stones and siliceous bands. The main geochemical data indicated overall /Th content <0.5 ng/g, Y/Ho > 26, ZREE
<12 ng/g, and Ce/Ce*, Pr(N)/Yb(N) and Y/Ho. There was no sighificant.comrelation between XREE and Th
concentration, indicating that the sample material was not affected by terrestrial debris interference to any great
extent. Mn/Sr was generally low (average < 6), 680> -10%o, and there was no significant correlation between
Ce/Ce*, Eu/Eu* and Dy(N)/Sm(N), indicating that the original seawater signal was relatively well preserved
during diagenesis. The rare earth element distribution indicated significant negative Ce anomalies (0.53~0.94) and
positive Y anomalies in the region around 1.54 Ga, similar to the value for modern seawater rare earth elements.
This was accompanied by a significant increase in Y/Ho (mean 64), followed by §'*C, which experienced a
significant positive deviation and later recovered to the original level of the Mesoproterozoic era. [Conclusion]
These findings indicated that there may have been a brief oxidation event in the region during the Mesoproterozoic.
The range (0.53-0.94) and time/(~1.54 Ga) of negative Ce anomalies in the Longjiayuan Formation were
reasonably consistent with valués invthe second and third segments of the Gaogaozhuang Formation, and in the
lower part of the Yangzhuang Formation. These indicated that the atmosphere and shallow sea environment in the
North China Craton underwent an overall oxygenation process of common amplitude during this period. The
negative Ce anomaly and its rapid rebound indicated that the low oxygen state in the shallow sea and atmosphere
of the Mesoproterozoic continued to dominate, interspersed with a pulse-type oxygenation process that may have
been widespread throughout the North China Craton at that time. This study provided direct evidence of pulse
oxygenation events during the Mesoproterozoic, which was useful in determining the redox state of shallow waters
during this period, and to explore the impact of oxygen level on the evolution of eukaryotes.

Key words: Mesoproterozoic; Longjiayuan Formation; Carbonatite; Ce anomaly; Pulsed oxygenation
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